Compared with many induced pluripotent stem cell (iPSC) lines generated using retrovirus and other non-integrating methods, the utilization of human protein-induced iPSC (piPSC) lines may provide a safer alternative for the generation of retinal pigment epithelial (RPE) cells for transplantation in retinal degenerative diseases. Here we assess the ability of piPSCs to differentiate into RPE cells, and to perform native RPE cell behavior. piPSCs were seeded in 6-well low-attachment plates to allow embryoid body formation, and then analyzed for pluripotent stem cell markers NANOG, SSEA4 and TRA-1-60 by immunofluorescence. Following colony formation, piPSCs were assessed for confirmation of RPE cell differentiation by staining for zonula occludens (ZO-1), bestrophin, microphthalmia-associated transcription factor (MITF) and retinal pigment epithelium specific protein-65 (RPE65). To evaluate piPSC-RPE cell phagocytic ability, adult bovine photoreceptor rod outer segments (ROS) were fed to piPSC-RPE cells, which were analyzed by fluorescent microscopy and flow cytometry. Undifferentiated piPSCs expressed all pluripotent markers assessed and formed embryoid body aggregates after 7 days. Differentiated piPSC-RPE cells expressed ZO-1, bestrophin, MITF and RPE65, typical RPE cell markers. Flow cytometry revealed robust ingestion of fluorescently-labeled ROS by piPSC-RPE cells, which was over four-times greater than that of undifferentiated piPSCs and comparable to that of an immortalized RPE cell line. Phagocytosis activity by piPSC-RPE cells was significantly reduced after the addition of anti-integrin αVβ5. In conclusion, piPSCs can be differentiated toward an RPE cell fate, expressing RPE cell markers and resembling native RPE cells in behavior. These results demonstrate that piPSCs can be differentiated into RPE-like cells using a method that has an increased safety profile, a critical consideration for the development of better treatments for retinal degenerative diseases such as age-related macular degeneration (AMD).
Introduction
Age-related macular degeneration (AMD) is a leading cause of blindness in the United States and Western Europe, and it will become an increasing burden as the population ages [1, 2] . There are two forms of AMD. The exudative or "wet" type is characterized by neovascularization of the choroid and affects 10% of AMD patients [3] . Currently, this form of AMD can be controlled with intravitreal injections of vascular endothelial growth factor inhibitors. The dry type is more common, representing the majority of individuals with AMD [3] . In both types of AMD, the disease is characterized by dysfunction and eventual loss of retinal pigment epithelial (RPE) cells, a critical cell type in the maintenance of retinal function [4] [5] [6] [7] [8] [9] . Despite advances in the treatment of the exudative type, presently there are no sight-restoring therapies available for patients with the dry type AMD. Recent studies demonstrate the safety of human embryonic stem cells (ESCs) transplanted into the subretinal space in patients with atrophy from advanced AMD and Stargardt disease [10, 11] . However, transplantation of allografts requires the use of immune suppression which is not well-tolerated in elderly individuals with atrophic AMD [12] . Novel methods for RPE cell generation using patient-specific strategies may avoid the need for immune suppression and thereby provide an advantage over ESCs.
Several methods for the development of RPE cell lines have been demonstrated. For example, RPE-like cells generated from human ESCs express RPE cell markers such as zonula occludens protein-1 (ZO-1), RPE-specific protein-65 (RPE65), cellular retinaldehyde-binding protein (CRALBP), and c-mer proto-oncogene tyrosine kinase (Mertk) [13, 14] . These cells behave in a manner similar to primary RPE cells, both in culture and in situ [15, 16] . Induced pluripotent stem cells (iPSCs) can be generated via the expression of OCT4, NANOG, Sox2 and Lin28 [17, 18] , using lentiviral and retroviral methods. Generating iPSCs using these methods can cause multiple chromosomal integrations and possible genetic dysfunction [19] [20] [21] , creating additional obstacles for clinical therapy. Therefore, it is important to establish novel approaches for generating iPSCs free from such limitations. Delivering factors as proteins eliminates the risks associated with retroviral integration by taking advantage of a DNA vector-free protein transduction system [21, 22] . This approach carries an increased safety profile when considering clinical trials [21, 23] . While human protein-induced iPSCs (piPSCs) have been used to generate cell types such as dopamine neurons [22] , to our knowledge this approach has not previously been utilized for the generation of piPSC-derived RPE cells.
Here we demonstrate confirmatory evidence that piPSCs can be induced to differentiate toward an RPE cell fate, expressing typical RPE cell markers, and robust phagocytic ability. This is an important step in establishing an immune matched, functional RPE cell donor tissue, free from limitations of chromosomal integrations and immune rejection.
Materials and Methods

piPSC culture
Human piPSCs were purchased from System Biosciences (Catalogue number: SC801A-1, Mountain View, CA). The method for their original generation, which was since licensed by System Biosciences, and which used human newborn fibroblasts, is described in detail elsewhere [21] .
Approximately 0.5 × 10 6 human piPSCs were plated into two, 9. Invitrogen-Gibco, Life Technologies, Grand Island, NY) supplemented with 20% knockout serum replacement (KSR, Invitrogen-Gibco, Life Technologies), GLUTAMAX (2.0 mM, Invitrogen-Gibco, Life Technologies), minimum essential medium (MEM) non-essential amino acids (0.1 mM, Invitrogen-Gibco, Life Technologies), β-mercaptoethanol (β-ME, 0.1 mM, Sigma-Aldrich, St. Louis, MO), penicillin (100 IU/mL)/streptomycin (100 μg/mL) (ATCC, Manassas, VA), 10 ng/mL basic fibroblast growth factor (bFGF, Invitrogen-Gibco, Life Technologies), and 10 μM/mL Rho-associated coiled coil-forming protein serine/threonine kinase (ROCK) inhibitor, Y-27632 (Sigma-Aldrich). After the first 24 hours, the medium was changed daily using iPSC medium without ROCK inhibitor. Colony formation was visible within 8-10 days. Cells were passaged every 4-5 days using Accutase (Millipore, Billerica, MA).
Differentiation of piPSCs
Human piPSCs were differentiated to piPSC-RPE cells using a modified protocol by Singh and colleagues [24] and Meyer and coworkers [25] . Briefly, human piPSC colonies were lifted from MEF feeder layers with accutase (1 mg/mL) and grown as uniform embryoid bodies (EBs) by using AggreWell™ plates (STEMCELL Technologies, Vancouver, Canada) for 4 days in EB formation medium (STEMCELL Technologies). At day 5, EB medium was replaced with neural induction medium (NIM) containing DMEM/F12 (1:1), 1% N-2 supplements, MEM nonessential amino acids and 2 μg/mL heparin (Sigma-Aldrich). At day 7, suspended EB aggregates were plated onto laminin-coated culture plates to allow them to reattach to the culture plate, whereupon they were grown for an additional 10 days in NIM. At day 16, neural induction medium was replaced with retinal differentiation medium (RDM) containing DMEM/F12 (3:1), 2% B-27 supplement (without retinoic acid), MEM, non-essential amino acids and penicillin/streptomycin. The cells were maintained as adherent cultures in RDM until the appearance of pigmented piPSC-RPE cells. Large patches of pigmented piPSC-RPE cells were microdissected, dissociated with trypsin-ethylenediaminetetraacetic acid (EDTA, 0.05%, InvitrogenGibco, Life Technologies) and plated onto laminin-coated transwell inserts (Corning Costar, 3460-Clear, 0.4 mm pores, 12 mm inner diameter, polyester membranes). piPSC-RPE cells were cultured on transwell plates with RDM + 10% fetal bovine serum (FBS) for 2 days and then switched to RDM + 2% FBS until the cells were confluent. Thereafter, piPSC-RPE cells were maintained in RDM to allow them to form compact monolayers and re-pigment within 60-90 days.
ARPE-19 cell culture
Immortalized human RPE (ARPE-19) cells were obtained from ATCC and propagated in DMEM (Invitrogen-Gibco, Life Technologies) containing 10% fetal bovine serum (FBS), 100 IU/mL penicillin, 100 μg/mL streptomycin, 100 μg/mL gentamicin and 2.5 μg/mL amphotericin B (Invitrogen-Gibco, Life Technologies). The cells were incubated in a humidified atmosphere of 5% CO 2 and 95% air at 37°C.
Immunohistochemistry
Cells were fixed with 4% paraformaldehyde at 4°C for 15 minutes, then permeabilized by incubation for 5 minutes in 0.1% Triton X-100 in phosphate-buffered saline (PBS) and incubated with 0.1% bovine serum albumin (BSA) and 1% normal goat serum in PBS for 45 minutes. Slides were incubated with various primary monoclonal or polyclonal antibodies for 2-3 h at room temperature, or overnight at 4°C. Cell cultures were washed and incubated for 1 h at 37°C in the dark with rabbit anti-mouse or goat anti-rabbit IgG antibodies conjugated to either Alexa™ 594 (red fluorescence) or Alexa™ 488 (green fluorescence) (Invitrogen-Gibco, Life 
Isolation of bovine rod outer segments and rhodopsin determination
Bovine rod outer segment (ROS) disk membranes were prepared from frozen retinas as described previously [26] . Outer segment concentration was assessed from the rhodopsin concentration measured spectrophotometrically (Varian Cary 300 Bio UV-Visible) in 0.1% Ammonyx LO (Sigma-Aldrich) [27] .
Fluorescent-labeling of isolated bovine rod outer segments
Isolated ROS disk membranes were labeled with fluorescein isothiocyanate (FITC, SigmaAldrich, Cat# F7250) according to manufacturer's specifications and similar to a previous protocol [28] . Briefly, isolated ROS membranes were pelleted in Hank's balanced salt solution (HBSS, Invitrogen-Gibco, Life Technologies), and then suspended in 0.1 M sodium bicarbonate buffer, pH 9-9.5. FITC was solubilized in dimethyl sulfoxide (DMSO, Sigma-Aldrich) to a concentration of 2 mg/mL, added to ROS to a final concentration of 50 ng/mL and subsequently incubated for 1 hour at room temperature in the dark with gentle shaking. FITCstained rod outer segments were washed twice, pelleted in a micro-centrifuge tube (4 min at 4,500 g), and re-suspended in growth medium at a concentration of 0.4 μg/μL. These fluorescently-labeled ROS were then seeded to cultured cells in 96-well plates at a rhodopsin concentration of 4-5 μg/cm 2 or about 1.5 x 10 5 particles/cm 2 .
Incubation of piPSC-RPE cells with FITC-labeled rod outer segments piPSC-RPE cells were seeded onto laminin-coated dishes (Becton Dickinson and Company, BD, Franklin Lakes, NJ) and cultured until confluent. Cells were then overlaid with FITClabeled ROS, at the concentration mentioned above in growth medium and incubated at 37°C overnight. Cultures were then rinsed with growth medium to remove excess FITC-ROS and subsequently processed for flow cytometry or fixed using 2% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4 for microscopy imaging.
Flow cytometry
The fluorescence (excitation = 488 nm, emission = 530 nm) of 10,000 unfixed cells/well was assayed immediately on a FACScan (Cyan ADP 9 -color cellular analyzer, Beckman Coulter, Brea, CA) using a live gate to exclude cell fragments, ROS particles, and other unwanted debris. A logarithmic scale of relative fluorescent intensity was used, and ROS phagocytosis was calculated by subtracting the geometric mean autofluorescence of control cells from the geometric mean fluorescence of cells challenged with FITC-labeled ROS. Cellular autofluorescence was determined for each population by analyzing cells from wells with no added ROS. Following ROS challenge, unbound and cell membrane surface-bound ROS were removed by washing the wells three-times with PBS. The bound cells were treated for 10 minutes with 0.25% trypsin containing 1 mM EDTA, pelleted, washed again with PBS, and suspended in 500 μL of PBS with 10 mM glucose at pH 8.0.
IntegrinαVβ5 antibody-blocking experiments
piPSC-RPE cells were seeded in triplicate on laminin-coated wells in a 96-well plate and allowed to grow to confluence for 3 weeks. Cells were pre-incubated with or without 50 μg/mL antiintegrin αVβ5 (Abcam, Cambridge, United Kingdom) or 50 μg/mL IgG1 control (Abcam, Cambridge, United Kingdom) for 45 minutes, then the medium was replaced and cells were incubated with FITC-labeled ROS (at concentrations as stated above) with or without 50 μg/mL anti-integrin αVβ5, or 50 μg/mL IgG1 control for 2.5 hours at 37°C. Wells were then vigorously washed 3-times with PBS to remove unbound ROS. Fluorescent images were obtained randomly from several fields in the DAPI, FITC wavelength for statistical analysis. Immunocytochemistry of RPE cell marker ZO-1 was performed to visualize cell borders after taking the images.
Data analysis
The percentage of fluorescently-labelled cells from the total cell frequency count is presented as the mean ± standard error of the mean (SEM). The effect of cell type on phagocytosis was tested using one-way ANOVA. Comparisons between piPSCs, piPSC-RPE cells, ARPE-19 cells and control groups were conducted using the Holm-Sidak post hoc tests, which account for family-wise error. An alpha criterion value of α = 0.05 was adopted.
Results piPSC maintained pluripotency after subcultures were positive for pluripotency markers
At day 0, immunocytochemistry was used to assess the expression of stem cell markers in the piPSC grown on MEF. These cells were positive for the pluripotent markers NANOG, TRA-1-60 and SSEA-4 (Fig 1) .
Differentiated piPSC-RPE cells expressed RPE cell markers
After 30 days of differentiation, RPE-like cells were visible, expressing the hexagonal monolayer RPE cell phenotype (Fig 2) . After 45 days, differentiated piPSC-RPE cells robustly expressed the tight-junction marker ZO-1, and the RPE cell marker, bestrophin (Fig 2B and 2C). Additionally, the differentiated piPSC-RPE cells expressed MITF and the visual cycle protein, RPE65 (Fig 2D and 2E ).
piPSC-RPE cells perform phagocytic function
Given the expression of RPE cell specific-markers on piPSC-RPE cells, the ability of these cells to phagocytize ROS was explored. We labeled cells with ZO-1, which delineates the cell border to first demonstrate that the phagocytized particles were localized within the cytoplasm (Fig  3A-3C ).
Next we compared the percent of fluorescently-labelled ROS in piPSC, piPSC-RPE cells and ARPE-19 cells after a 16-hour incubation period (Fig 4) . There was no significant difference in the amount of fluorescently-labelled ROS between piPSC-RPE cells and ARPE19 cells. Additionally, relative to undifferentiated piPSCs, piPSC-RPE cells had 4.12-times more fluorescently-labelled ROS (iPSC: 13.62 ± 2.74 versus piPSC-RPE: 56.16 ± 9.74; Fig 4) .
The αVβ5 integrin receptor is required for photoreceptor rod outer segment uptake [29, 30] . In order to confirm a direct role of the αVβ5 cell surface receptor in the apparent phagocytosis of piPSC-RPE cells, we blocked αVβ5 using a specific antibody applied to ROS. Fluorescently-labeled ROS were incubated with or without anti-integrin αVβ5, or IgG1 control, with piPSC-RPE cells for 2.5 hours. Untreated ROS phagocytosed by piPSC-RPE cells were abundant in the cytoplasm of piPSC (Fig 5B) , and its associated fluorescence intensity was 10.84 ± 0.29 arbitrary units (Fig 5A) . In contrast, the addition of the blocking antibody, antiintegrin αVβ5, reduced the fluorescence intensity of ROS in piPSC-RPE cells to 6.70 ± 0.25 arbitrary units, such that it was significantly lower than both the untreated piPSC-RPE cell group and ROS control IgG antibody group (p < 0.001, Holm Sidak). Addition of the control IgG antibody reduced ROS fluorescence intensity to 8.96 ± 0.22 arbitrary units (p < 0.001, Holm Sidak). Therefore, the addition of anti-αVβ5 to ROS significantly reduced the phagocytosis-ability of piPSC-RPE cells relative to untreated piPSC-RPE cells (by 4.14 arbitrary units, p < 0.001) and those treated with a control antibody (by 2.26 arbitrary units, p < 0.001).
Discussion
In this study we have confirmed the capacity of piPSCs to differentiate into RPE cells using an RPE cell differentiation protocol established by Meyer and coworkers [25] . We have demonstrated that piPSCs can differentiate toward a RPE cell fate, forming monolayers of piPSC-RPE cells after 30 days in culture. This is comparable to Singh and colleagues [24] who demonstrated the formation of RPE cells from iPSCs after 30-40 days of differentiation, and Buchholz and colleagues [31] who observed pigmented colonies after 20-35 days. We demonstrated the expression of RPE cell markers (ZO-1, bestrophin, MITF, and RPE65) in RPE-like cells differentiated from piPSCs after 45 days in culture. This timing is consistent with previous research which has demonstrated the presence of RPE cell differentiation markers in iPSC-RPE cells after 30 days post differentiation [32] . The presence of RPE65 in piPSCs is of particular importance as it plays a critical role in the retinoid visual cycle and is expressed in terminally differentiated RPE cells [33] [34] [35] .
To examine whether our piPSC-RPE cells did indeed function as native RPE cells, we used bovine ROS to test the phagocytic activity of piPSC-RPE cells, a characteristic physiological process performed by the RPE cells [36] [37] [38] [39] . We demonstrated that piPSC-RPE cells possess the ability to phagocytize bovine ROS at a rate that was over four-times greater compared with undifferentiated piPSC, and was not significantly different to native RPE cells. We observed a small amount of fluorescence-incorporation in undifferentiated piPSC, which may be due to mechanisms independent of the receptor-mediated phagocytosis pathway. Overall, the phagocytic ability of piPSC-RPE cells was very similar to work previously published by Maruotti and coworkers [40] demonstrating apical staining of ZO-1 and phagocytosis of pH-Rhodo-labeled bioparticles in human iPSC-RPE cells. We demonstrated similar results showing ZO-1 staining at the cell margins and intracellular expression of ROS. RPE cells are known to utilize integrin αVβ5 in the initial binding of outer segments prior to internalization [29, 30] . Indeed, our results showed that integrin αVβ5 plays a role in the phagocytic mechanism of these proteiniPSC-derived RPE cells, as we could block these effects by using a specific anti-αVβ5 antibody. Although using a nonspecific IgG antibody had a partial blocking effect, this observation has been reported in other publications, and the mechanism still requires clarification [31] . Taken together, these data suggest that piPSC-RPE cells phagocytize outer segments via an αVβ5-mediated process, at rates comparable to ARPE-19 cells.
Developing new treatments for diseases requiring RPE replacement is of critical importance, but current cell replacement strategies are hindered by allograft rejection, and the requirement for immune suppression. In principle, use of piPSCs may be an attractive alternative for cell replacement therapy despite the low efficiency of protein-based protocols. A priori we would expect that piPSC may be safer than cells generated by introducing foreign DNA into the host cell. However, karyotype or genomic aberrations can also develop during maintenance or passaging of these cells. Although some of these mutations can be irrelevant, silent mutations may affect the cell safety profile [41] . Derivation and subsequent culturing of piPSCs can introduce karyotypic abnormalities in up to 40% of derived cell lines no matter how the cells are derived, although there are differences in the type of alterations introduced using different reprogramming techniques [42] . Therapeutic use of these cells will require further delineation of all genetic and epigenetic alterations introduced, as well as selection of cells with minimal genetic and epigenetic alterations for therapeutic use. Moreover, the timing of RPE cell transplantation and the effect of a non-ideal environment such as aging-host Bruch's membrane, can potentially affect adherence and long-term survival of transplanted cells [43] [44] [45] . Current research is investigating the use of physical supports such as natural and synthetic scaffolds that may improve outcomes of RPE transplantation [44, 46] . Scaffold technology combined with the use of iPSC-derived RPE grafts to slow the progression of disease and prevent photoreceptor cell Flow cytometry data (A) and the histograms (panels B-E) used to generate that data. Negligible immunofluorescence was detected when either no ROS or only unlabeled ROS were added to piPSCderived RPE (first 2 bars of F). A small amount of immunofluorescence was detected when labelled ROS were added to undifferentiated piPSC. Extensive labelling was noted when labelled ROS were fed to either piPSC-derived RPE or to ARPE-19 (last 2 bars of F). There was a significant effect per cell type on phagocytosis F 4,17 = 34.23, p < 0.001 (F). death may be a viable clinical option for successful treatment of retinal degenerative disorders by enhancing survival and function [45, 47, 48] .
Conclusions
Our results confirm that both morphologically and functionally, piPSCs can be differentiated into RPE cells. Differentiated piPSC-RPE cells expressed typical RPE cell markers and phagocytized ROS via an αVβ5-mediated process. These results provide the initial step toward the development of a new stem cell-derived RPE cell therapy, free from the risk of viral manipulation of the host genome.
